Introduction
Proton beam extraction in the Nimrod P.S. is at present by-energy ioss target, a radially focusing quadrupo e and extraction magnet. ing magr1et s If are 'C' core blut the use ::s:,"::-magnets in the near fnture dictates the use of very high current systems. Qr 2/j resonant node*)
The proposed extraction by requires even higher current levels.
This paper describes briefly the high stability step programmed poser supply f3r the double extraction system now in successful operation and the new high current ?l,OCOA p-~lsed power supply for septum magnets for the future extraction system.
The step programmed power supply was developed to increase machine utilization by switching the proton beam between two beam lines in the same machine burst on flat top.
The supply can switch a maximum cf 5OOA up or down in Ions and maintain a dc level stability of L O.OO@.
The maximum current capability is 165~ with current levels fully variable to cover the energy range 7-2 GeV. Preliminary data was first published at the Sect 17 The src~,nd part of the paper deals with the pulsed power supply now under design and construction using a homopolar generator; the load current being programmed by a series transistor regulator.
A very brief review of other possible systems which were considered is included to show reasons for the choice.
The design specification requires that the currert waveform she-did be trapezoidal and rise linearlyin 200as to Zl,O@OA max. Stability during flat top time should be within 0.0% inclusive of ripple.
Tne flat top time is of the order of 600ms thence the current decreases linearly to zero in a further 20Cms. The maximum FRR is 25 pulses/min.
Part I Ste;, programmed system for double extraction Basic Principles Fig.1 shows the simple block diqrm. of the system.
(i) Current stabilization is via the series regulator. (ii) Switch down control by opening the power loop via SCR.l and 2 and allowing the magnet current to decay t3 the required level via flywheel resistor R.
(iii) Switch up ccntrol by applying a forcing voltage from energy store C introduced into the loop via diode D.
Both switching modes rely on a strobe amplifier detector to achieve in (ii) reclosing of the loop and in (iii) switching off the forcing supply. The pulses produced by the strobe also control the logic sense for various other operations in the system. An initiating pulse is needed when starting up to order the system to achieve correct seqJencicg.
The supplji is built round a compound dc generator (rated at 1650A IIOV) voltage stabilized and forming the main supply.
It is better on a supply of this nature to use rotating machines rather than static rectifiers since (a) the mains system is buffered from fast power changes which are ironed out by the rotor inertia, (b) no harmonic distortion of the mains ten occur (c) the much smoother output from the M/G permits working without static filters or the conplications of 'dynamic ones.
Static filters of the choke input type co~~ld not be used if speed is to be achieved at low cost.
The very low armature inductance adds very little to the system's store'3 energy which is virtually all in the magnet loed. The error amplifier normally has a forward gain of 11000 but during switch down its reversed output is clamped and it is converted into a divider (factor 47).
The divider mode is allowed to persist beyond the clurrent catch point by a delay on the line closure pulse.
This gives good control of the catch point. The original system used two loops, one being an AC coupled 1 Fig.1 Simple Block Diagram of 1650~ Step Programmed Power Supply voltage feedback frcm the magcei bus with a cross 0vtI' 3-equency of 2.5, Hz. The AC 1oo';i has now been reinnveti and the overall bandwidth 315 the current. feedback cnn::irIerably Incrr>a:red. wli:i ha? simpl.iPie; / _ switch+1 cr-jr-ltrcl problems.
Reepulator ~rottctiori
Tile reg:,ll ::t,or j 2 protc~ted against exoessjve temperature rises; CCllector dj soi:~ati~>n exceeding the safe ra:i:lg;,; and uver vol t;a<c. h crtiwbar ccnsis-iing of SCRs ba:lied up by a~ air operqted shorting switch is used for the two latter curGtions and the base input to tdhc drivers ha:: a zoner clamp (cla-lip voltage 4ov) .
Lead faults (Whia? the magnet may have shorted tLrns :!r worst) willdrjve <he transistors from the sa7 'e wcrking area i:ito breakdown regions4 These fuses tave smell spring leaves which open on failure, the rear leaf' is used to connect a iiis:reet current stcI> intcs n cminte~ system whi.lst the front leaf gives visual indication.
The counter circuit can be pre--et tc trip between Z-40 transistors failed.
Stepping Programme The heart ,cf thi: is tl~c strobe ur,it. This is an amplifier (Mutorollt   K1433) operating open loop with the Inputs fed by the reference and current monitor voltages usine zero crossing technique.
T:le inputs have pulse driven clamps and the system under dc conditions nil1 have either one or other inputs clamped. This is to prevent pulses being produced by the current monitor voltage crossing the reference voltage under servo conditions. When both input channels are unclamped crossing of the curren? or reference volts will produce a change of output from one level to the opposite polarity.
Differentiating
can produce pulses to controi the system functions.
All system pulses are arranged to be IOV 10~s l@@n source.
Switching
Referring to Fig.1 and assumirg there is current ir. the loop, if the system accepts a currer,t down command pulse this after delay will be fed into SCB.2 gate which commutates out the line SCRs.1 (the commutaticn is modified class E). The current in the regulator loop falls to zer'3 and the reference is changed over to the new level.
The same pulse reduces the loop gain via the error amplifier ar.d increases loop Sandwid+h.
The magnet current will now decay exponentially via the flywheel resistor R. The strobe amplifier meanwhile examines the reference and current levels and when cross over occurs produces a pulse to trigger the line SCRs.1. The regulator now retakes control of the current to stabilize at the new reference.
The same line closure pulse will restore the loop gain after delay and clamp the strobe current monitor input.
During switching the regulator is out of loop and no voltage appears across It.
The line SCRs blocking the B.E.M.F. etc.
Switching u p The reference is now switched b8aci. to its original level and the regulator will be driven into foward saturation.
However to switch up at the same di/dt as decay, a voltage component equal to Ldi/dt must be provided. Enera and volts are ensured by a bank of capacitors (C) O.Oi'F charged to 45OV (variable).
After reference change over a pulse is fed to the pump SCRs.4 and the line diodes (D) will be reverse biased.
Ar inductor in the capacitor bank bus and shunt capacitors across the diodes ensure that the current in the diodes falls tc zero and the dv/dt reverse bias is within the device capabilities. Without this protection the diodes (D) would puncli through.
This also aplpiies tc the flywheel diodes which are inchlded to block any current passing back.
The only current path therefore is through the magnet.
The capacitor bank is now in series with the generator, the magnet 'sees' V,GEN + VC and the current can be mode ",o rise at approximateljr the same speed as dray.
The strobe again examines the reference and current levels and produces a pulse when cross rsver occurs. This is used to trigger commu'ating SCR.3 the forcing volts are turned off and the regulator retakes control tc stabilize to tile reference level.
A small pre-determining voltage of adjustable level and polarity is switched into the strobe enabling the control pulse to be produced beEre or after cross over to offset system delays or other abnormalities,
General
Initial trouble was experienced with the load.
The magnet is in a stainless steel car: which was pumped to partial pressure and when stepping with the higher voltages needed we experienced 'Paschen' breakdown phenomena.
Thi S caused serious damage and the magnet is now run at atmospheric pressure.
The design was originally arranged for switching from the higher to the lcwer current level and back again in the same machine flat top. This allcwed for two fast spills at start and end of flat top and a long counter tylle spill during flat top.
Since the existing magnets are solid core it was known that difficlulties due to eddy c,.urents would arise ard a series of laminated magnets are being made. At the present time, however, in order to use the system and 50 minimize the eddy current effects on the gap flux distribution, the operation has been reversed and only one fast spill is available.
The step is fast and short from the lower level to the upper and down again the excursion to the upper level being maintained for <20Oms.
However, the phase shift between the mean flux and the current has caused some serve prob'lems since fed back voltages buck or boost the main supply producing errors beyond the servo control capability.
This has been overcome by pre determinaticn of the strobe catch point but we loose IOms of stable current time after switching. Laminated magnets should overcome tlii:; ~roblen hcwever, anti the first will be ready for test in March 1969.
The relief resistor in the collect:>:-of the regulator bank was included after a magnet change when it was found the cew magnets' resistance was nearly 20$ higher than the specification. This necessitated higher voltage working and the resistor absorbs the additional voltage at the lower current level when maximum volts appear across the regulator.
Automatic insertior is assured since the regulator current passes tc zero when sm<itch-ing down thus opening the shunt SCRs. These are gated by the forcing supply (SCR.!+) 'OX' pulse at switch up. 
Batteries
(although tile system stems :.dd) are quite valid.
They would, however, nosed a trickle charger (~;OOOA!) snd mairtenance t:~et,her ti th gas dispersion problems and difficuhy of swltching out for faul': cleara3ces i,f'Y?ective ly rul?s out their use.
Space is also a problem.
Conventional commu%tor machines are near design limit
Jnless one uses multiple commutators. high cost coupled with maintenance and copper dust Fl~OdUCti~~l do 110: make them attractive. Ripple with an extremely -&de spectrum still has to be eliminated.
A homopolar generator titb series regulator can offer more than all of tte other systems. Comple';e isoIai,ion from the mains is aohieved whilst the rotor inertia buffers against violent mains disturbances.
Ripple is almost non existant.
The H/G is very simple extremely robust and maintenance will be veq( small.
A further attraotive feature is space, the machine requiring a floor area of only 12ft.
x I+ft. If we add thk regulator loft. x jft. and Gft. x 2ft. for contrc,l racks these complete the total system space requirement.
Generator
The H/G will be a two stage drum type rated at 600k~ 15OOOA 4.01' dc 5$ regulation at 2l@OOA, being designed and built by Lnter- arranged to be greater than the dc source.
Both of these signals are fed into a strobe amplifier unit (again a zero crossing devi'ce:l and pulses are generated at cross over of the functions' leading and trailing edges on the dc scarce. These plulses are used to switch the two sources at the comparator amplifier input end the current will therefore foll'ow the function lending edge until crossover thence the dc precision reference during flat top and fall with the function trailing edge. This system has been developed since it is easy tc produce a trapezoidal function but not with a precislon flat to:> stable nr.d repeatnble to30.0@,&. Pre-determining voltages will be fed into the strobe to enable the crossover to be predicted to counteract system delays.
Current monitoring
The currert feedback voliage is obtained from a resistive shunt ~O~JA rated at 2OOOOA IV of long term stabaility O.OO$ and manufactured by7 Messrs. Tinrleys of London. Consiierntion was giver. tc the use of a Ilingcrani D.C.C.T. but the ripple due to core mngnetising current developed across the blzInn resistor ruled its use out.
Current control
The load current is contrclled via a series transistor regulator the H/G being constantly excited. The regulator is a three stage system using some 2800 transistors in the main stage.
The At the beginning of flat top the strobe pulse clamps the feed forward drive and overshoot can thus be eliminated giving 3 precise turnover.
The snmc ~u1s.c cnn be used to increase the loop gain and introduce any compensntin,: networks achieving precision ccntrol.
Protection
No breakers are includeii in the power loop.
Clearance of ille bus v3lts nre proposed by commutct4.r.g the SCRs thus disconnecting the field from the bus and allowing the system to go into current resonance with a capacitor bank. Since this circuit is diode blocked the current will zero after h /4 the decay being of cosine form. to drive a S,chniit ,circuit a trip pulse can be procllced if the c;ijdt exceed:; tkie normal even by very small amounts.
Conventional over' current yrotecticn is also included.
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